INTRODUCTION
The extrusion process taking place in conditions of a simultaneous unrestricted mechanical process of blow moulding is conventionally called "extrusion with free blowing" [1] [2] [3] [4] . It is based on the extrusion of tubular film, followed immediately by blowing it with air at slight pressure and drawing by means of a take-up device. During blowing, the film is mainly subjected to stretching in the transverse direction, but it is stretched longitudinally during drawing. The process for production of tubular film using extrusion blow moulding has the following variants (classification based on the direction of take-off of the extrudate): verticalup, vertical-down and horizontal [4, 5] . Vertical-up film extrusion blow moulding is employed most often.
A typical production line for extrusion blow moulding, regardless of the direction of extrudate take-off, consists of an extruder and extruder head, and equipment for blowing and cooling, flattening, take-off and wind-up.
The plasticating screw system of an extruder with a conventional screw has the following main shortcomings: the flow rate of the material is highly dependent on the resistance of the extruder head; considerable fluctuation of the said flow rate; low efficiency of material transport; the pressure of the material slowly increases along the system; and its thermal and mechanical uniformity is unsatisfactory.
These deficiencies are more pronounced when using large-diameter screws, but are corrected with increase in screw length. However, the resulting increase in material flow rate, and especially in product quality, was still insufficient. Accordingly, screws began to be constructed that were specially equipped with elements that intensify the shearing and mixing of the material being processed.
Although both these processes take place simultaneously, intensifying elements can be divided into those for which a shearing process on the one hand, or a mixing process on the other hand, predominate [4, 6] .
Elements for which the shearing process predominates (called "intensive-shearing elements") are characterised by the presence of slots through which the stream of material flows, with near-linear motion, with intensification of shearing [4, 7, 8] . These elements are located in the transition zone of the screw, possibly constituting its end section. A great many designs of intensive-shearing elements are known; several of them are patented.
Elements for which the mixing process predominates (called "intensive-mixing elements") contain regions in which the stream of flowing material is subjected to repeated dividing and recombining, with a high proportion of rotational motion of the material, leading to intensive mixing [4, 9] . They are generally located on the screw in the metering zone. As with the intensive-shearing elements, there are various designs of intensive-mixing elements.
In addition to the conventional and special screws, there are "unconventional" screws that do not have a continuous helical channel for the length of the working part, but channel sections with different geometric elements [4, [10] [11] [12] [13] [14] [15] .
Plasticating systems intended for film extrusion blow moulding use, almost exclusively, screws that combine special and unconventional screw designs.
The inside surface of the extruder barrel may have grooves -longitudinal or helical -that are located in the region under the feed opening and beyond, for a length of approximately 3-4 times the outside diameter of the screw, in the direction of the head [16] .
The results of investigations of vertical-up extrusion with free blowing, concerning, among other things, certain energy problems and the influence of a grooved section of the extruder barrel on the main characteristics of the extrusion process, are given in the literature [16] [17] [18] . The results of investigations relating to the effect of selected design elements of the screw and of the process parameters on the quality of plastication of the material have also been published [9, 19] . A relatively new work [20] dealing with problems in the production of articles by extrusion blow moulding gives hardly any information concerning the extrusion blow moulding of tubular film. Therefore determination of the influence of selected design features of the screw on the characteristics of the process of upward extrusion with free blowing, to supplement the studies that have already been undertaken, is justified.
The aim of the experimental investigations of this process presented in this article is better understanding of the effect of selected design features of elements for intensive shearing and mixing on the characteristics of this type of extrusion.
EXPERIMENTAL SECTION

Materials
For the investigations we used low-density polyethylene with the trade-name "Malen E" and the symbol FABS 23-D022 from the company Petrochemia Plock SA; it was in the form of grains (granules) approximately 3 mm in diameter and contained, apart from the polymer, an antioxidant, a slip additive and an antiblocking agent [16, 21] .
For colouring the material we used a black colouring agent, consisting of colouring matter -carbon black, and a dissolving agent -low-density polyethylene, in proportions of 40% and 60% respectively, in the form of grains with diameter of approximately 2.5 mm, from the company A. Schulman, Poland. The purpose of this was to permit initial, visual confirmation -based on assessment of the uniformity of distribution of the colouring matter in the processed material -of the degree of homogenisation of the composition, and the properties and structure of the material in relation to the height of the clearance in the ring/barrel system. For the studies we prepared a mixture of polyethylene and a colouring agent containing 99 wt.% LDPE and 1 wt.% colouring agent.
Test programme
On the basis of a review of the literature and exploratory studies, the test programme included the factors given below.
Factors studied directly:
-temperature of the material before the extruder head T (°C),
-pressure of the material before the extruder head p (MPa),
-mass of the measured section of the extrudate m (kg),
-time for extrusion of the measured section of the extrudate t (s),
-voltage of direct current drawn by the drive system of the extruder U (V),
-strength of direct current drawn by the drive system of the extruder I (A).
Factors studied indirectly:
-mass flow rate of the material Ġ (kg/s),
-power supplied to the drive system of the extruder P˙ (W),
-unit consumption of energy supplied to the drive system of the extruder E JN (J/kg),
-component of the energy efficiency of the extruder, arising from its drive system κ (%).
The aforementioned component of the energy efficiency of the extruder is a consequence of adopting, for analysis of the test results, the unit consumption of energy supplied to the drive system of the extruder, defined as the ratio of the power of the drive system to the flow rate of the material [9, [22] [23] [24] [25] .
Variable factors:
The main variable was the diameter of the cylindrical active part of the intensive shearing and mixing ring (d e ), making it possible to obtain different heights (δ) of the test gap. Along with variation of the diameter d e , the angle of inclination of the channel (α) at gap inlet and outlet was also varied (Table 1) , and its height was also either increased or decreased. We can therefore speak of a set of geometric variables characterising the ring/barrel system, which will from now on mainly be examined on the basis of the height of the gap, called here the "test gap". The next variable was the frequency of revolutions of the screw (ν), which was 1.7, 2.0, 2.3, 2.6, 2.9 or 3.2 s The test results may be affected above all by disturbing factors, for example: the voltage of the electric current (varying from approx. 215 to 225 V), temperature of the surroundings (varying from 20 to 24°C), absolute moisture content of the feed material (varying from 0.04 to 0.06%) and relative humidity of the air (varying from 55 to 65%). It was assumed, however, that the influence of these factors is very slight and can be neglected, without detriment to the results of the work.
Experimental set-up
The studies were conducted at the Metalchem Institute of Plastics Processing in Torun, using the W-25D experimental single-screw extruder, with ratio of the working section of the screw to its diameter L/D = 25. The production line for vertical-up extrusion with free blowing used for the investigations is shown in Figure 1 . The extruder is equipped with a 2.6 kW direct-current motor with maximum frequency of revolutions of 24.2 s -1 and with a thyristor system permitting continuous adjustment of the frequency of revolutions of the screw. The barrel does not have grooves in the feed throat and feed zone of the plasticating system of the extruder. In addition the production line has the following: cross extruder head, blowing and cooling equipment, and devices for flattening, take-off and wind-up of tubular film [26] .
The screw (Figure 2 ) has a design that makes it possible to change the intensive shearing and mixing ring mounted in the end section of the screw -in the metering zone of the plasticating system at a distance of 123 mm from the end of the screw. As already mentioned, the rings make it possible to obtain different heights δ of the gap between the outside surface of the cylindrical, active part of the ring and the inside surface of the extruder barrel (Figure 3) .
The cross extruder head used for extrusion of tubular film is of a standard design. The head has a core with a diameter of 50 mm, in which there is an opening through which air blows the tubular film. Around the core there is an annular gap for extruding the film, and then another gap for cooling the extruded film. The air for blowing and cooling the film is supplied from a 0.55 kW fan.
The blown, cooled and flattened film is drawn between two rolls and is then wound in a wind-up mechanism. 
Test methods
After detaching the cross extruder head from the plasticating system and taking out the screw, the latter was fitted with an intensive shearing and mixing ring with outside diameter of 22.8 mm, giving a height of the test gap δ of 1.1 mm. Then the screw was placed in the barrel and the extruder head was fastened to the plasticating system, and the previously specified temperatures of the individual heating zones of the plasticating system and extruder head, selected on the basis of the literature and preliminary studies, were set.
Once the required temperature values were obtained, the mixture of polyethylene and colouring agent was poured into the feed hopper, the extruder motor, blowing, cooling and take-off equipment were switched on, and the extrusion blow moulding process was started, using the lowest of the stated rotary speeds of the screw.
It was assumed, on the basis of tests conducted beforehand, that thermal stabilisation of the extruder and of the complete process of extrusion blow moulding took 30 min, i.e. there was no longer any variation in the degree of stretching of the film in the longitudinal and transverse directions. After thermal stabilisation of the process, measurements of the factors that are studied directly were undertaken. Then the rotary speed of the screw was increased to the next level, and after waiting for thermal stabilisation of the extruder and of the extrusion process the measurements were taken again. Finally, after taking measurements in conditions with the highest rotary speed of the screw, its speed was reduced to zero and all the equipment was switched off. After completing the said series for the value δ = 1.1 mm, the intensive shearing and mixing ring was replaced with the next one (thus altering the value of δ) and all the operations were repeated from the beginning, for performing the next series of investigations.
RESULTS
After determining the values of the factors that are studied directly, we calculated the factors that are investigated indirectly, in the manner described in the literature [17, 18, 27] . The results of calculations relating to different values of the height of the test gap are presented in Figures 4-7 .
Increase in the rotary speed of the screw, regardless of the value of δ, contributes to an increase in the mass flow rate of the material (Figure 4) , pressure of the material before the head ( Figure 5 ) and unit consumption of energy supplied to the drive system of the extruder (Figure 6 ), and to a decrease in the component of the energy efficiency of the extruder (from its drive system) (Figure 7) . The nature of the changes in the aforementioned quantities is in agreement with data in the literature [4, 9, 11, 18] .
Decrease in height of the test gap, regardless of the frequency of revolutions of the screw, causes Ġ , p and κ to decrease, but the value of E JN increases.
The length of the active part of the intensive shearing and mixing ring is only a little greater than 1.75% of the length of the working part of the screw, but even so the ring has a considerable influence on the course and efficiency of the extrusion process. The rheological, dynamic, kinematic and other processes occurring during flow of the material before the gap, on its length and after it, and between the outside surface of the cylindrical active part of the intensive shearing and mixing ring and the inside surface of the barrel, are so intensive that their effects are observed even after the material has travelled a further distance of about 360 mm in the helical channel of the plasticating system. This course of the relations presented can be explained by the nature of flow of the material in the screw channel. The smallest height of the test gap causes the greatest resistance to flow of the material over the length of the cylindrical active part of the intensive shearing and mixing ring. The smallest value of δ corresponds to the largest angle of inclination of the channel at inlet and outlet from the gap (α), which also presents greatest resistance during flow of the material into the gap. All of these factors give the lowest value of Ġ . The slight increase in volume of the helical channel that occurs after the test gap causes a drop Figure 4 in pressure of the material. As the gap increases, the resistance to flow and the drop in pressure of the material decrease, leading to an increase in the value of the pressure of the material before the head.
At the greatest height of the test gap, and therefore the smallest angle α, and with increase of ν from 1.7 s -1 to 3.2 s -1 (by 88.2%), the mass flow rate increases by 110.7%, and the pressure of the material before the head by 29.7%. On the other hand, when we select the smallest value of the height of the test gap, with the same increase in rotary speed of the screw, Ġ increases by 131%, and p by 38.2%.
The unit consumption of energy (E JN ) and the component of the energy efficiency of the extruder (κ) are interrelated by an inverse dependence both on ν, and on δ. The increase in unit consumption of energy with increase in ν is undoubtedly caused by the much faster increase in power of the drive system of the extruder relative to the increase in the mass flow rate of the material. The drive system of the extruder must be supplied with greatest power when using the ring with the largest diameter (which corresponds to the narrowest gap). The decrease in flow rate of the material corresponds to the highest unit consumption of energy supplied to the drive system of the extruder and, which is connected with this, the lowest value of the energy efficiency component of the extruder.
Increase in the frequency of revolutions of the screw from 1.7 s -1 to 3.2 s -1 causes an increase in the unit consumption of energy of the drive system and a decrease in the energy efficiency component of the extruder corresponding to the gap height. Thus, when the gap height is greatest, the value of E JN increases by 28.4%, and at the same time κ decreases by 19.5%. However, when the smallest gap height is used (δ = 0.5 mm), E JN also increases with the change in speed, but only by 13.2%. There is a corresponding decrease in κ by 9.8%.
The temperature of the material before the extruder head in conditions with specified frequency of revolutions of the screw remained practically unchanged, regardless of the height of the test gap. The intensive shearing of the material that takes place in the gap does indeed cause its temperature to rise, but in the conditions of the experiments this effect is levelled during subsequent flow of the material in the helical channel of the plasticating system.
